While herbivorous fi shes are most diverse and important in the tropics, they decline in impact towards colder water environments nearer the poles (Figure 2 ). However, as our planet warms, tropical herbivorous fi shes are invading areas farther from the equator than ever reported before. Today there are a few examples of 'tropicalization' and denuding of kelp forests by newly arrived herbivorous fi shes. Clearly, marine herbivory today is shaped by human activities like never before.
Human hunting and fi shing pressure is disrupting food webs and plantherbivore interactions. In relatively predator-free environments, where herbivorous fi shes are rare or absent (Figure 2 ), sea urchin populations rise to dominance (as with the sea otter example above). Often such locations became targeted for sea urchin harvesting, resulting in the loss of urchins and a return to algal dominance.
In Maine, USA, extirpation of almost all predatory fi shes such as cod allowed sea urchins to proliferate and deforest kelp and other bushy seaweeds. However, the sea urchin fi shery removed enough urchins to allow kelp forests and seaweeds to return. Prolifi c bushy algae then became a nursery habitat for juvenile crabs. In this predator-free environment, abundant adult crabs ate virtually all the sea urchins. As a result, Maine's coastal ecosystem quickly fl ipped and locked into an alternative herbivore-free state for the past several decades.
All of this illustrates how herbivores shaped shallow marine ecosystems. It also suggests how humans in the Anthropocene may be pushing reefs back to conditions typical of the mid-Jurassic and, in the last example, possibly back to the macroherbivorefree Paleozoic.
Marine microbial diversity
Guillem Salazar 1, 2 and Shinichi Sunagawa 2, * Invisible to the naked eye, yet dominating life with some 10 30 cells, bacteria and archaea (referred to herein as 'microbes') play key roles in the global cycling of nutrients, matter and energy in our oceans. Having experimented for over 3.5 billion years since their fi rst appearance, they are true master chemists that are capable of carrying out the most diverse and complex of chemical reactions. One of the most abundant groups, cyanobacteria, converts light into chemical energy by fi xing carbon dioxide into organic matter. Part of this fi xed carbon is consumed by higher trophic levels, while another fraction sinks to the deep sediments where, over geological time scales, it fossilizes into the natural resources that we tap into for our everyday lives. Despite our knowledge of their global importance and signifi cant recent advances in marine microbiome research (Figure 1) , some of the most fundamental questions still remain unanswered, and serve as active drivers of current research in this fi eld: How many microbes are out there, and how many different types? What are they? What are their functional roles? How are they globally distributed? How do they adapt to varying environmental conditions and how will they respond to future environmental changes? This Primer provides a brief overview on how these questions have been addressed in the context of developing technologies. We discuss new insights, as well as new concepts and more refi ned questions, and we highlight some of the future promises and challenges that lie ahead.
From culturing to molecular approaches -the great plate count anomaly Early studies attempted to estimate the number of microbes in the ocean by counting the number of proliferating cells per volume of seawater on plates of solidifi ed growth medium. These Primer R490 Current Biology 27, R431-R510, June 5, 2017 numbers were, however, inconsistent with direct microscopic counts that suggested much greater cell concentrations. Today we know that the discrepancy, which became known as the 'great plate-count anomaly', is due to the diffi culties in cultivating marine microbes in the laboratory, rather than a consequence of including non-viable cells in direct counts, as was believed initially. The implications have been far reaching and still impact microbial ecology today; classical, cultivation-based methods are simply unsuitable for the vast majority of life in the oceans. Thus, new methods are required to study the physiological requirements and metabolic potential of this elusive part of organismal diversity, so as to predict their putative functional roles in nature, for example.
Towards the end of the past century, the advent of DNA-sequencing technologies revolutionized the fi eld of microbial ecology by facilitating cultivation-independent approaches to explore the diversity of microbes in their natural environments. Most commonly, variants of the 16S rRNA gene are directly amplifi ed by PCR using primers that ideally allow for the identifi cation of all microbes in the total pool of environmental DNA. Pioneering work in the late 1980s and early 1990s identifi ed some of the most abundant ocean microbes belonging to groups of cyanobacteria (Prochlorococcus and Synechococcus), proteobacteria (including SAR11, SAR83, and Alteromonas), as well as archaea.
Today, the cost-effi ciency of DNA sequencing allows individual researchers to sequence thousands to millions of 16S rRNA gene fragments from individual samples, and this approach represents, in many respects, the state of the art for microbial ecology. Comprehensive reference databases and advanced computational tools are now available that allow for microbial communities to be characterized with ease and in great detail. In addition, 16S rRNA gene-derived phylogenies refl ect reasonably well the evolutionary history of the respective organisms, so that 16S rRNA gene-sequence similarities are often used to defi ne microbial species. However, different from the biological concept of species (a group of organisms that can mate and produce fertile offspring) that applies to many eukaryotes, there is no universally accepted 'species' defi nition for microbes, which generally reproduce asexually. Hence, in an attempt to align sequence similarities of the 16S rRNA gene with more classical approaches that used DNA-DNA hybridization percentages greater than 70% as a criterion, a 97% cut-off for the 16S rRNA gene was proposed. Yet, many examples exist where two microbes display higher similarity values or even identical 16S rRNA gene sequences, despite exhibiting considerable differences in their genetic content and key features of their physiology. Thus, many microbiologists avoid using the term 'species' altogether, and rather use 'operational taxonomic unit' (OTU) to describe organisms that share at least 97% similarity in their 16S rRNA genes.
Patterns of microbial diversity
Regardless of the 'species' problem, 16S rRNA gene profi ling has been instrumental in producing fundamental insights into the structure of microbial communities. For example, the number of different OTUs, and how evenly their abundances are distributed within a community, constitutes the 'alpha diversity'. Alpha diversity has been measured at many locations and different depths worldwide. Generally, very high alpha-diversity values are observed in the range of thousands of OTUs. This fi nding was rather unexpected and has become known as the 'paradox of the plankton' given that the competitive exclusion principle in an environment with a limited number of resources would predict low levels of diversity (in resource-rich terrestrial soil environments, for example, microbial community diversity is indeed high). Environmental heterogeneity at very small spatial scales, resource partitioning among heterotrophs, microbial dormancy, and top-down control by grazers and phages provide some explanation to this paradox. Another remarkable pattern is that although the organisms that constitute these communities may be different, abundance distributions are strongly uneven; that is, few OTUs are represented by numerically dominant individuals, whereas many more OTUs are represented by individuals at very low abundance. The extent of these low-abundance microbes, commonly referred to as the 'rare biosphere', is much larger for microbial communities than for macroorganisms. Another commonly referred to aspect of microbial community structure is the so-called 'beta-diversity' -that is, the spatio-temporal variation of microbial community compositions. The study of decade-long time series at various locations, such as Hawaii, California, the English Channel or the northwest Mediterranean, has revealed that surface-water microbial communities vary in their composition with recurrent seasonal patterns. In addition to these temporal patterns, microbial communities also display non-random spatial variation. The closer two communities are the more similar they tend to be in terms of OTU content and abundances. This distance-decay relationship forms the basis for marine microbial biogeography.
Towards global marine microbial biogeography
The idea of classifying microbes into different species and studying their distribution in the world is driven by a desire to fi t microbial phenomena into the conceptual frameworks that have been developed for macroorganisms. However, since species boundaries in microbiology are somewhat arbitrary, one interesting thought experiment is to consider different levels of taxonomic resolution as atomic units of biological organisation. For example, if we were unable to distinguish bacteria and archaea as different domains of life, then a single microbial taxon would be found everywhere and no biogeographic pattern would be observable. At the other end of the spectrum, that is, if each individual genome were considered, there would be no microbial strain that would be found at any two different locations (with the exception of clonal populations). For this reason, it is important to note that microbial biogeography needs to be considered as a function of taxonomic resolution.
For illustration, SAR11, one of the most abundant groups in the surface oceans, is divided into welldelineated marine, freshwater and brackish-water phylogenetic clades. Similarly, microbial preference for a free-living versus a particle-attached lifestyle in the deep ocean is a trait that is conserved at high taxonomic ranks (for example, entire classes). These biogeographic patterns indicate that transitions between habitats or lifestyles have been infrequent events during the diversifi cation of some microbes and that most of these transitions occurred a long time ago, in evolutionary terms. In contrast, within the marine cyanobacterial genus Prochlorococcus, six distinct ecotypes have been identifi ed that differ in their pigmentation, maximum growth rates, metal tolerances, nutrient utilization and photo-physiological characteristics. Consequently, they exhibit different distributions along a number of environmental gradients. However, these six ecotypes contain 16S rRNA gene sequences that differ by less than 3%, and thus would be considered as a single OTU by standard approaches. Thus, the phylogenetic resolution provided by this marker gene poses strong limitations for the study of biogeographic patterns that result from more recent evolutionary events.
In addition to the adaptation of microbes to different niches and their mutation rate, the potential to disperse and the potential to enter dormant stages are driving factors for microbial biogeography. Many, if not all, of these processes act at a population level and simultaneously for all the populations forming microbial communities. The entire gene set of a given microbial species, that is, its pangenome, is composed of a 'core genome' shared by all its individuals and a 'fl exible genome' that varies between populations. Local adaptations are refl ected by gene-content differences between spatially distant populations of the same species, which emphasizes the need to incorporate genetic variation between individuals into the study of spatial variation of marine microbial populations.
Taken together, it is clear that the spatial distribution and community structure of marine-microbe populations will be the result of complex ecological and evolutionary processes that act along spatiotemporal axes in a continuous ecosystem connected by the global circulation of water masses. Thus, microbes that are rare in one location may be dominant at others (or within specifi c habitats, such as a host) or R492 Current Biology 27, R431-R510, June 5, 2017 they may become dominant at the same location when environmental conditions change. In terrestrial environments, potential mechanisms for microbial dispersal appear less clear; studying microbial transportation via aerosols and rivers, which contain signifi cant numbers of microbes of terrestrial origin, may be promising directions for future research. To reach a comprehensive understanding of the underlying mechanisms, regardless of the ecosystem studied, increasing resolution at multiple levels -taxonomic, genetic, temporal and spatial -represents an essential task. To this end, geneticvariation analyses at the levels of whole communities and individual populations, detailed analyses of samples from long-term campaigns, and systematic global-scale studies are ongoing. Due to large-scale data sets that have recently become available, the ocean may serve as a model ecosystem for studying microbial community structure and biogeography at global scale.
From community structure to globalscale metagenomics
In 2005, the International Census of Marine Microbes project was launched to study marine microbial diversity at global scale with standardized sampling and data-analysis procedures. By exploiting the high-throughput DNAsequencing capacity of the 454 Life Science technology for 16S rRNAgene profi ling, the concept of the rare biosphere was established. In addition, global estimates of marine microbial diversity were provided, and the vertical structure of the water column was determined as the main axis of diversity variation in the pelagic ocean.
Despite its power and broad application, one major caveat of the PCR-based 16S rRNA gene-profi ling approach is that, depending on the primers used, specifi c taxa may not be identifi ed. For example, some of the most widely used 'universal' primer pairs have been strongly biased against the detection of SAR11 or archaea. In addition, varying copy numbers of this gene in different taxa may distort compositional estimates and lead to incorrect interpretations about the relative composition of different communities. The main limitation of 16S gene-based analyses is, however, the lack of functional information. In contrast, high-throughput sequencing of environmental DNA (metagenomics) represents a powerful approach to (A-C) Individual genotypes along two hypothetical environmental gradients (for example, temperature and nutrient concentration); symbols (squares, triangles and circles) represent the grouping of genotypes into three different OTUs defi ned by sequence similarity based on a taxonomic marker gene, such as the 16S rRNA gene (A). The access to pangenomic information (B) reveals the existence of genes (empty red and blue rectangles) that may be shared by all the genotypes within an OTU (the case of circles) or may be present/absent in populations within an OTU, and thus reveal new biogeographical patterns (the case of squares and triangles). The set of genes that differ between populations are the candidates for adaptation; that is, those genes coding for traits that increase the fi tness of the genotype in its present niche compared to others. The addition of transcriptomic information (C) reveals which of the genes contained in a genotype are expressed (fi lled rectangles). The differences in expression between subpopulations may indicate acclimatization processes, that is, modulation of the expression of a given genotype without genetic changes. (D,E) Increase in resolution through the addition of pangenomic and transcriptomic information; the three OTUs defi ned with a taxonomic marker gene (D) may be subdivided into populations with pangenomic (E) and with transcriptomic differences (F).
Current Biology 27, R431-R510, June 5, 2017 R493 study both the taxonomic and genetic diversity of microbial communities. Through metagenomics, vast knowledge gaps can be addressed by interpreting community genomic information not available in current reference genome collections, which are estimated to represent less than 5% of the genomic diversity in the oceans. The fi rst large-scale marine metagenomic data (6.3 billion bases) were released as part of the Global Ocean Sampling expeditions (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , revealing some 1,300 distinct 16S rRNA gene sequences in surfaceseawater samples from the Sargasso Sea. Later on, some six million gene families were identifi ed in samples taken along a route from the eastern North American coast in the North Atlantic through the Panama Canal and ending in the South Pacifi c close to French Polynesia. The Malaspina expedition (2010) (2011) targeted the microbial diversity of the deep ocean at an unprecedented spatial scale, with a stronger focus on the bathypelagic depth layer (1,000-4,000 m). From 2009 to 2013, the Tara Oceans expedition collected more than 35,000 samples for biological analyses from photic (surface-200 m) and mesopelagic (200-1,000 m) depth layers at 210 globally distributed sites. Focusing on genetic diversity, an initial analysis of 7.2 trillion bases of genomic data were assembled into an information-rich, genetic inventory of 40 million genes (the Ocean Microbial Reference Gene Catalog); notably, over 80% of these were found to be novel. An analysis of the ecological drivers of community structure revealed that temperature, rather than geographic distance, nutrients or light, is the main determinant within lightpenetrated depths at global scale. The identifi cation of such relationships with relevance to global climate change, based on computational analysis of large amounts of multidisciplinary data, may feed modeling approaches and provide directions that move marine microbial ecology from descriptive studies to predictive science.
Outlook towards multi-omics, single cells and modeling climate change
Just as systems biology attempts to understand an entire cell with all its parts as a system, 'ocean ecosystems biology' could be described as the attempt to gain a holistic understanding of the biodiversity and processes that govern the entire ocean ecosystem. It can be anticipated that metagenomic data from global-scale studies will be complemented by an increasing availability of meta-transcriptomic data, which will allow for the comparison of microbial genomic potential with microbial activity. The integration of genomic, metagenomic and metatranscriptomic data within a taxonomic, marker-gene-based biogeographic framework represents as much a challenge as an opportunity to advance microbial ecology. Indeed, the interpretation of new omics data will allow for expansion beyond current nominal and/or sequence similarity-based units of biological organisation (OTUs, genera, etc.) by incorporating information on adaptation and acclimatization, giving rise to more ecologically relevant defi nitions (Figure 2) .
The integration of pan-genomic information, for example, by focusing on gene-content differences between microbial populations, is one step in this direction. In addition to analyzing sequenced genomes from cultured isolates, this can be achieved by sequencing of single cells isolated from the environment. Recent methodological advances in metagenomic data analysis have also demonstrated the potential to reconstruct representative draft genomes for populations at selected sampling sites. Regardless of the approach, more fi ne-grained microbial groups can be defi ned, and genetic differences that are found to correlate with environmental gradients would constitute the candidate set of adaptive genes (Figure 2A,B) . As a result, biogeographic stratifi cation of closely related populations that would otherwise be hidden by the coarse resolution of taxonomic marker genebased approaches can be uncovered. Furthermore, populations with similar genomic content may also thrive under different environmental conditions through gene-regulatory modulations. In this case, metatranscriptomic information may reveal the molecular basis of acclimatization by contrasting gene sets expressed in response to some, but not other, environmental conditions ( Figure 2B,C) .
With continuously decreasing costs, the bottleneck in research involving omics data has gradually moved from data generation to data analysis. The wealth of available information, combined with global and continuous surveys, holds great promise in contributing to the aim of understanding and eventually predicting global-scale processes at the whole-ocean ecosystem level. To reach this goal, some major challenges still need to be overcome. For example, simultaneous assessment of temporal variation over large distances is still diffi cult to achieve. Crowd-sourced initiatives, such as the Ocean Sampling Day -a simultaneous global-sampling campaign -may pave the way in this direction. Still, more automated procedures may be required to achieve higher temporal and spatial sampling coverage. For example, automated in situ sampling devices for molecular analysis, such as the Environmental Sample Processor, already exist; such devices collect and preserve environmental samples, while fl oating freely in the water column. Analogous experiences have been made with Argo, which since 2000 has been assessing the physical properties of the ocean through a system of > 3,700 freely-drifting temperature/ salinity-profi ling fl oats. The development of similar technologies for automated real-time nucleic-acid sequencing and data-transmission systems would greatly complement efforts to develop a global oceanobservation system. Finally, the integration of different technologies with concepts for which standards are still lacking (for example, how to defi ne a species, how to measure environmental similarity) across disciplines (marine genomics and physical oceanography) will require the fostering of multi-disciplinary collaborations as exemplifi ed by the Tara Oceans project. Considering the fast pace of recent advancements, it seems that the ability to predict changes in biodiversity and oceanecosystem processes at global scale has become an achievable scientifi c goal, rather than just wishful thinking.
Vision and lack of vision in the ocean

Justin Marshall
As land-locked animals, when we visualise the ocean our mind's eye may see crashing waves or a vast blue expanse stretching to the horizon, a raft of torpedoing penguins, a glimpse of colourful coral reef fi sh from the shark-free safety of a sandy beach. Underwater, the crystal-clear, and in fact not at all silent, world of Jacques Cousteau, or more recently David Attenborough, is a wonderland that some cannot wait to witness fi rst hand as divers, while others are content to see it on a screen. Spend a bit of time underwater, in the English Channel for example, and a few facts emerge. Most obviously, much of this underwater realm is visually very different to land and indeed to the cherry-picked clear waters of documentaries. It may be disappointingly murky and monochromatic. Perhaps surprisingly, therefore, on close inspection the diversity of eye designs and light sensing mechanisms that evolved in the ocean are more varied than on land, refl ecting the greater range of light environments and lifestyles of the marine world. Particularly in the last ten years, the destructive infl uence we are having on the oceans has become visibly obvious, not just to fi sheries biologists and ecologists, but to anyone returning to a favourite dive spot or reef resort. Climate change, as a result of burning fossil fuels, human greed and carelessness with plastic disposal, are rapidly degrading entire oceanic ecosystems.
The evolution of vision underwater, as on land, is guided by what sort of light is available, the behavioural and ecological needs of each species and a balance of the best survival solutions provided by different sensory mechanisms. With these factors in mind, this primer aims to introduce aspects of vision in the ocean and comment briefl y on how anthropomorphic changes to the ocean may now be impacting the Primer visual behaviour and survival of some marine species.
Why is vision in the ocean different and more varied than on land? As a result of the physical constraints, optical and others, within the aquatic environment, vision is in some ways less useful in the ocean than on land. Other sensory mechanisms that we share to some degree, including hearing or olfaction (smell) become accentuated underwater, taking advantage of the greater density of this medium. A whale hunts down a giant squid in the dark by producing and analysing a sound 'image'; a salmon navigates up the already dissolved olfactory signature of its home river: both these tasks are achieved over a distance that vision would not allow. Seemingly exotic senses we lack receptors for, such as electroreception and magnetoreception, also enable aquatic animals to fi nd food and locate home. This multisensory landscape underwater must be considered when we are surprised to fi nd an octopus is colour blind or that some fi sh look mainly upwards. Colour is less important to a night-active octopus than the textural, tactile and chemosensory information provided by its eight legs. A mesopelagic fi sh living at a depth of 200 m de-emphasises downward and sideways vision, as there are few photons in those viewing directions, but directs its vibrationsensitive lateral line system there instead. Vision on land has become the dominant sense as air is clear, the whole of earth's atmosphere removing only 20% of light as it passes through, allowing rapid survival decisions from a distance. If evolutionary push comes to shove, considering the ocean as a whole, you may be better off there with a good nose.
This difference in overall sensory emphasis is in part derived from the fact that most of the living-space in the ocean is dark for most of the time. Sunlight does not penetrate below 1000 m in clearest ocean waters, at 200 m it is dim or indeed absent altogether in more turbid waters, and 80% of the ocean ecosystem lies below this latter depth. Some deepsea creatures produce their own light (bioluminescence), but life in the deep is sparse, specifi cally due to this aphotic existence that is lacking in the
